A three-step finite element model has been implemented to predict the spring-in of L-shaped parts. The material property development during the cure has been modelled as step changes during transitions between viscous, rubbery and glassy states of the resin. The tool-part interaction is modelled as a sliding interface with a constant sliding shear stress. The effect of various material and geometric variables on the deformation of L-Section parts are investigated by a parameter sensitivity analysis. The spring-in predictions obtained by the finite element method are compared to experimental measurements for unidirectional and cross-ply parts of various thicknesses and radii. Results indicate that although a 2D plane strain model can predict the spring-in measured at the symmetry plane fairly well, it is not sufficient to capture the complex deformation patterns observed.
Introduction
Composite materials are widely used in the aerospace, marine and wind energy sectors where increasingly large structures are being designed and manufactured using composite materials and manufacturing deformations are becoming a major concern. Considerable research has been dedicated to understand the nature of these deformations and to develop models that predict these deformations in order to make necessary tool corrections. [1] [2] [3] [4] [5] [6] [7] [8] [9] Studies on manufacturing deformations identified various sources as intrinsic (anisotropic thermal contraction and resin shrinkage) and extrinsic (tool-part interaction). Recent studies [9] [10] [11] [12] [13] [14] [15] [16] emphasize the effect of tool-part interaction, which is a particularly significant mechanism for large parts.
Manufacturing deformations are particularly pronounced at corner sections. Corner sections usually come out with a smaller angle than the corresponding angle of the mould and this phenomenon is called spring-in. The anisotropic nature of the thermal contraction of composites causes closing of the corner sections. The deformation resulting from the thermal contraction is reversible and well-understood.
When the thermally contracted part is reheated to its previous temperature, it takes its original shape. Anisotropic curing shrinkage has a similar effect to thermal contraction; however, it is irreversible because the shape changed is permanent when the chemical network of thermoset polymer is formed during curing. Cure shrinkage takes place at the early stages of curing when the resin still has a low shear modulus and allows the fibre stress developed at the inner surface of the corner section to be reduced due to shear deformation as shown in Figure 1 (a) and (b) .
When the laminate is laid up on a tool that has a considerably higher Coefficient of Thermal Expansion 1 Mechanical Engineering Department, Bogazici University, Istanbul, Turkey 2 Product Development Department, Ford Otomotiv Sanayi A.S., Kocaeli, Turkey 3 Advanced Composites Centre for Innovation and Science, University of Bristol, Bristol, United Kingdom (CTE) and consolidation pressure is applied, a shear interaction develops at the tool-part interface during the temperature ramps of the Manufacturer's Recommended Cure Cycle (MRCC), putting the tows close to the tool surface in tension. This occurs at the early stages of the cure, before the resin cures, when the resin modulus is low, resulting in a decay of tensile stresses away from the tool surface. This stress profile is locked in as the cure completes and when the part is removed from the tool, the locked in stresses cause a bending moment, forcing the part to spring out (Figure 1 (a) and (c)).
Tool-part interaction is also included in many process models as a major contributor to the final shape of the parts. [4] [5] [6] In these models, tool-part interaction is either modelled by perfect contact with no relative motion 4 or as a cure hardening elastic shear layer, which remains intact until the tool is removed. 5, 6, 12, 15, 16 By adjusting the properties of this shear layer, the amount of stress transferred between the tool and the part can be tailored. With the use of experimental data, the shear layer properties are calibrated to an appropriate value. These simulations are based on semi-empirical models, which need to be calibrated according to geometrical deformations observed in manufactured parts.
In this study, a finite element (FE) procedure developed previously 17 has been extended to include tool-part interaction in predicting the manufacturing distortions of corner sections, and the predictions are compared to experimental results. The previous FE method captured the most essential mechanisms taking place during the processing of fibre-reinforced thermosetting composites, like thermal contraction, cure shrinkage and the rubbery to glassy transition. However, the tool-part interaction was left out for the sake of simplicity, and model verification was done on C-Sections manufactured in composite tooling made of the same material to minimize tool-part interaction due to differential thermal expansion of the part and the tool. In the light of recent research on the nature of tool-part interaction 18 its effect is now modelled in a more realistic way in this study as a sliding interface, using the measured tool-part interaction stresses, in contrast to previous modelling work, [4] [5] [6] [12] [13] [14] [15] [16] which depends on various assumptions about the interface behaviour.
Experimental work

Material and manufacturing
The L-shaped parts were made in a U-shaped steel tool made of IMPAX P20 Hot Work tool steel with a thermal expansion coefficient of 12.6 mm/m-C. The shape and dimensions of the tool are shown in Figure 2 (a). The tool had two corners of radii 25 and 15 mm. The tool can be converted to a mini autoclave by mounting sealed top and side plates (Figure 2(b) ). Heat was applied through the flanges and the web of the tool with plate heaters. Pressure was applied through the compression port and vacuum can be applied through the vacuum port as represented in Figure 2 (b).
The material used was a unidirectional (UD) carbonepoxy prepreg material produced by Hexcel Composites with a designation of AS4/8552. The nominal thickness of the single prepreg was specified as 0.184 mm and the nominal fibre volume fraction as 57.4%. The physical properties of the prepreg used are given in Table 1 . 19 The MRCC includes five stages. In the first stage, the part is heated up to 120 C at 2 C/min. In the second stage, it is held at 120 C for 60 min. In the following + + stage, it is heated up from 120 C to 180 C at 2 C/min. Then, the part is held at 180 C for 120 min. Finally, the part is left to cool down to room temperature before removal from the mould; 0.7 MPa pressure is applied from the beginning to the end of the process and vacuum is applied up to the middle of the second stage.
The schematic representation of the vacuum bagging is shown in Figure 3 . Teflon-coated glass fabric release film with a thickness of 0.08 mm was applied over the entire surface of the tool, which allows easy removal of cured parts and good slip of the prepreg on the tool. Each ply was carefully laid-up on only one side of the mould to form an L-shaped stack. The length of the mould is taken as 0 , and the direction running from one arm to the other across the corner is identified as 90 as shown in Figure 2 . Vacuum of approximately À0.9 bar was applied after laying every six plies to debulk the samples, to remove entrapped air and to minimize the possible effect of corner bridging. The stack was then covered with a peel ply and a breather fabric before applying a vacuum bag with the help of a sealant tape. Finally, the top and side plates of the mould were mounted and the MRCC process was started. After processing, the mould was left to cool down to ambient temperature before the composite part was debagged and removed from the mould. A total of 20 UD and cross-ply (XP) specimens of various thicknesses (4, 8, 12 and 16 plies) were manufactured.
Measurement of part geometry
The parts manufactured were scanned by an METRIS MCA II 7-axis laser scanner in order to capture the full deformation pattern of the parts. The scanned geometry of the part was virtually placed on the nominal tool through three-edge points and the gap distances between the tool and the part are obtained at discrete points over the surface. In order to calculate spring in values, gap distances were read on both flanges, at five equally spaced points along five stations, as represented in Figure 4 . The spring-in angle was measured by drawing secant lines on the arms.
For thickness measurement, both sides (tool and bag side) of the laminates were scanned. In order to reveal the effect of corner thickening, thickness measurement was performed along the length of the laminates at seven stations along the length. consolidation and tool-part interaction was developed to predict the process-induced stresses and deformation. The basic process model was developed and implemented in ABAQUS previously by Ersoy et al. 17 The three steps of the model represent the viscous, rubbery, and glassy states of the resin. The reason for preferring a three-step approach is the complexity of determining continuous development of material properties during the cure cycle. The constitutive equations are based on the cure hardening instantaneously linear elastic model previously proposed by Svanberg and Holmberg. 20 In each step, constant material properties were used. The two main transitions during the curing process are gelation, occurring at approximately 30% degree of conversion, and vitrification, occurring at approximately 70% degree of conversion of the resin. 17 
FE analysis
Steps of analysis
The resin states with respect to the MRCC is shown in Figure 5 together with the glass transition temperature of the resin. The gel point which is defined as the point where the prepreg is cured enough to sustain in-plane shear stresses and the vitrification point at which the instantaneous glass transition temperature reaches the process temperature are also indicated. The resin is believed to be gelled at around 160 degrees during these condramp as a sharp rise of the glass transition temperature. The vitrification occurs 45 min after the 180 C soak period starts. 21 In the first step of the model, before gelation, the composite is in the viscous state and assumed not to sustain any mechanical stress in the transverse direction, whereas it can sustain some fibre stresses due to fibre friction. Consolidation takes place as the voids are suppressed, expelled from the composite, and extra resin bleeds out in this step. Due to the difficulty in measuring the mechanical properties in the viscous state, there is no reliable data available for this state in the literature. In order to investigate the effect of the shear modulus in the viscous state, a parametric study is carried out by taking the shear modulus as different fractions of the rubbery shear modulus.
In the second step, between gelation and vitrification, rubbery material properties were used. Due to cross-linking reactions, cure shrinkage takes place during the curing of thermosetting resins, which results in contraction in the through-thickness direction.
In the last step, after vitrification, glassy material properties were used in the model. The resin vitrifies and transforms to the glassy state and the resin modulus increases to a magnitude of a few GPa. The stresses developed in the viscous and rubbery states are rearranged as the part is allowed to deform freely as it cools down to room temperature by removing the boundary conditions.
The properties of AS4/8552 composite in the rubbery and glassy states were found in previous work 21 and are shown in Table 2 . Cure shrinkage and CTE of the composite in the fibre direction are assumed to be zero in Table 2 . Gelation occurs when the temperature reaches 160 C during the second ramp and vitrification occurs at 45 min after the start of the second hold at 180 C. 17, 21 The CTE value given in this table for glassy Step 1 (viscous) vitrification
Step 2 (rubbery)
Step 3 (glassy) Table 2 . In Step-1 and Step-2, an autoclave pressure of 0.7 MPa is applied on the bag surface of the part. In
Step-3, the applied pressure is removed, the part is separated from the tool and spring-in and warpage develop. A uniform temperature was assigned to the parts because the temperature range measured across the thickness and in the plane of the part at eight stations was within a 3 C-band for even the thickest (16 plies) laminates.
Implementation of mechanical properties
The mechanical properties in each step are different, so these properties are implemented in the analysis by means of a user subroutine UMAT, which updates the elastic properties at the beginning of each step, and the stresses locked-in at each step are added up to find the final stress state after removal from the mould. The reader should refer to Reference [17] for details of the implementation of the UMAT subroutine in the analysis.
Tool-part interaction
Tool-part interaction is examined in detail by Garstka et al. 18 by means of an instrumented ply technique with the same material. They found that when the resin is in the viscous state, the tool-part interaction is basically due to fibre friction, and a sliding friction with a constant shear stress of 0.1 MPa prevails. However, once the resin gels, the nature of the interaction changes to a stick-slip type, resulting in a stable state with a constant shear stress of 0.2 MPa at the interface. In the present study, although the tool material and the interface properties are different, constant shear stress of 0.1 MPa and 0.2 MPa are used for viscous and rubbery steps, respectively, as a reference, since the interfacial stress has not been measured directly, and the effect of varying them is investigated.
Interaction between tool and part is modelled by using ABAQUS mechanical contact interaction modelling capabilities. 23 In the model, contact surfaces are defined for interactions, using the ABAQUS option *SURFACE, and then these surfaces are matched by using the option *CONTACT PAIR. The characteristic of the contacting surfaces are defined by using the option *SURFACE BEHAVIOUR. Interaction normal to the surface is the default ''hard'' contact relationship, which allows no penetration of the slave nodes into the master surface and no transfer of tensile stress across the interface. Interaction tangential to the surface is modelled by the classical isotropic Coulomb friction model. The interfacial shear stress is assumed proportional to the contact pressure up to a limiting sliding stress. The constant of proportionality is the friction coefficient and the sliding stress is max .
In the first and the second step of the analysis, toolpart interaction is active and in the third step tool-part contact is deactivated. Following the findings of Garstka et al., 18 the sliding stress max is changed from 0.1 MPa to 0.2 MPa in the second step because the friction behaviours of these two steps (viscous and rubbery) are different.
Meshing and boundary conditions
The L-section-composite parts of 100 mm arm length and 15 and 25 mm corner radius were modelled together with the female steel tool, as shown in Figure 6 . Only half of the part is modelled by taking advantage of the symmetry condition. A local coordinate system is used so that the 2-axis is aligned with the surface of the tool. The elastic modulus of the tool material was taken to be 200 GPa and thermal expansion coefficient to be 12.6 Â 10 À6 C À1 . The elements used in the code are 8-node biquadratic quadrilateral generalized plane strain elements with reduced integration. Aspect ratio of the elements is 5.4 and 3.8 for laminate's flat and curve section, respectively, and it is 2.7 for tooling part. The name of the element in ABAQUS is CPEG8R. 23 The generalized plane strain theory used in ABAQUS assumes that the model lies between two planes that can move with respect to each other. It is assumed that the deformation of the model is independent of position with respect to axial direction. The relative motion of the two planes results in a direct strain in the direction perpendicular to the plane of the model only. The defined generalized plane strain elements have an extra node with 3 degrees of freedom; an out-of-plane translation and two rotations. Restraining this node gives a plane strain condition, whereas releasing the node gives no overall stress in the out-of plane direction. 23 In the model, two reference nodes are defined, for the tool and the part, in all the steps for UD parts. These reference nodes are coupled and restrained for rotation in the first and second steps so that the two bounding planes displace with respect to each other but do not rotate, which allows the thermal expansion effect of the tool perpendicular to the plane of the model to be considered, and such restraint prevents the spread of the part on the tool under pressure in the first and second steps. In XP parts, only one reference node is defined, since the fibres perpendicular to the plane restrain the part from spreading on the tool.
In
Step-3, removal of the part from the tool is simulated by removing the FE model for tool by the help of *MODEL CHANGE option of ABAQUS, so that the part is now in an overall plane stress condition; the absence of external forces in Step-3 validates this condition. However, in the XP laminates, there are still stresses in the out-of-plane direction due to the mismatch in CTE values of individual plies in this direction.
The sliding boundary conditions on the flat upper side of the tool enable the tool to expand or contract along the longitudinal direction but prevent free body motion of the tool. On the symmetry line, symmetry boundary conditions are used. Autoclave pressure is applied at the lower side of the laminate as a surface pressure.
Results and discussion
In the experimental study, the free variables are the stacking sequence (XP and UD), laminate thickness (4, 8, 12 and 16 plies) and the corner radius (15 mm and 25 mm), and the effect of these variables on the spring-in is investigated. Examples for the designation of the specimens are as follows: 8UD-R15 corresponds to a UD 8-ply thick, [ Table 3 . In total, 32-parameter study runs were solved by FEA. The percentage effects for spring-in are shown in Figure 7 . It is seen that the stacking sequence, number of plies, 
Corner thickening
The corner thickening for 16-ply thick parts can be seen easily from the thickness measurement along the length of the laminates in Figure 8 . This figure shows the thickness at the mid-section normalized by the nominal thickness along the part. It can be seen clearly that the resin at regions close to the corner has percolated into the corner, resulting in an increase in thickness of the corners above the nominal value. This phenomenon has also been observed by Hubert and Poursartip. 24 The parts with 15 mm radius have greater corner thickening compared to the parts with 25 mm radius and UD parts have greater corner thickening compared to XP parts. The resin flow is lower in XP parts compared to UD parts.
Thermoelastic spring-in
Since the thermoelastic component of spring-in is determined by through-the-thickness CTE during the cooling step of the model developed to predict the spring-in, fibre volume fractions and the CTEs are calculated at the corner for each specimen. The corner fibre volume fraction is found from the deviation from the nominal thickness of the part and nominal fibre volume fraction (given in Table 1 ) supplied by the manufacturer. 19 The coefficient of thermal expansion is calculated at the corner for each specimen separately by using the following expression, which is based on self-consistent micromechanics theory 25 :
where f1 and f2 are longitudinal and transverse CTE of the fibre, respectively, r is the CTE of the resin, f12 ¼ f13 are fibre Poisson ratios, r is the resin Poisson ratio, E f11 is the longitudinal fibre elastic modulus, E r resin elastic modulus and V f is the fibre volume fraction. In order to distinguish the contributions of thermoelastic (thermal contraction), and non-thermoelastic (cure shrinkage, and tool-part interaction) factors on spring in, a study was carried out and the results are shown in Figures 9-12 . To show the effect of anisotropic thermal contraction, only the third (cool-down) step is run, with glassy state material properties, and calculated CTEs which alter from the nominal value due to corner thickening. Corner thickening results in a higher resin fraction, and higher through-the thickness CTEs. The effect of thermal contraction on springin does not change significantly by corner thickening, as shown by the approximately constant values of thermoelastic contraction for the different thickness cases with different degrees of corner thickening in Figures 9-12 . Highest corner thickening takes place in the thickest UD specimen with the smallest radius, namely UD16-R15 (Figure 11 ), and this increases the thermoelastic contribution from 0.37 to 0.43 degrees.
Effect of sliding stress and viscous state shear modulus
The interface sliding shear stress is varied between max ¼ 0.10, 0.15, and 0.20 MPa. These are typical values for the AS4/8552-Al tool system. 9, 18 The viscous shear modulus of the composite is taken to be either the full rubbery modulus G schematically shown in the small inset in Figure 10 .
Hence corresponding values at the mid-section (unfilled diamonds), as well as the values at other stations (filled diamonds), are plotted on the same graph. It can be seen that the effect of the viscous shear modulus is more dominant than the interface sliding shear stress, and if the viscous shear modulus is high, increasing the interface sliding shear stress has a smaller effect on the predicted spring-in values. It can also be observed that closer predictions are obtained with the lower viscous shear modulus. Another observation can be made regarding the trend of predicted spring-in values with thickness. In order to explain this observation, one should keep in mind that spring-in is a result of counteracting mechanisms: consolidation and cure shrinkage in the early stages of cure results in tensile stresses on the bag side fibres resulting in spring-in and tool-part interaction on the tool side resulting in spring-out. The observed net effect of these mechanisms depends on their relative magnitudes as well as the thickness of the part, since as the thickness increases, stiffness of the part also increases, reducing deformation due to residual stresses. This explains why the spring-in angle reduces with increasing thickness. When the viscous shear modulus is taken to be equal to rubbery shear modulus G vis ¼ G rub À Á , the effect of tool-part interaction is minimal due to shear lag along the thickness. However, if the viscous shear modulus is sufficiently low as compared to rubbery shear modulus
, the fibre stress gradient due to toolpart interaction is effective, resulting in a lower springout in thinner specimens with a lower bending stiffness. Lower viscous shear modulus increases the relative effect of the tool-part interaction in the overall springin value and reverses the trend observed in spring-in with increasing thickness.
Effect of specimen thickness
It can be seen clearly that thinner specimens have more variation in spring-in values, showing the obvious non-constant nature of the spring-in along the length of the specimens due to warpage in the third direction (axial, or perpendicular to the model plane). This effect is expected to be less prominent for thicker specimens, giving less scatter in the spring-in measurements in This can be explained by the fact that tool-part interaction along the third direction (axial, or perpendicular to the model plane) is less effective than in the second direction for UD parts due to easy deformation of the very compliant resin along the third direction during the viscous and rubbery states, hence warpage due to tool-part interaction along the third direction is low for UD parts. On the other hand, for XP parts, fibres along the third direction constrain the composite against expansion of the tool, so that tool-part interaction is more effective along the third direction and causes more warpage as can be seen in Figure 13 . 
XP-R15
UD-R15 Figure 13 . Representation of warpage along third direction for 4-ply R15 parts.
In addition to tool-part interaction along the third direction, varying consolidation can be another reason for non-constant spring-in along length direction. A different deformation pattern and more scatter in spring-in values were observed in the UD16-R15 case in Figure 11 . For this specimen, the spring-in value at the mid-section is lower than at the edge sections. This observation can be explained by referring to the thickness measurement along the third direction at the corner (4th station in Figure 8 ). The thickness of the mid-section at the 4th station is higher as compared to the thickness of the edges at the 4th station. The higher consolidation at the edges results in higher fibre stresses at the bag side towards the edges. These residual stresses cause the part to bend inward along the third direction so that spring-in values at the edges will become higher than at the mid-section compared with the other specimens. Figure 14 shows the numerical results for the fibre direction stress distribution through the thickness taken from the FE Model solution for the UD4-R15 part at the end of the second and third step. Here, the stresses are calculated according to the local coordinate system shown in Figure 6 . It can be seen that the fibre direction stress, s 22 , increases towards the corner of the part. It has been observed that during the first and second Steps tensile stresses are developing at the corner in the bag and tool side. Consolidation and cure shrinkage taking place during the first and second steps causes stretching of the fibres on the bag side. Toll-part interaction causes stretching of the fibres on the tool side. The resulting stress distribution is tensile along the thickness direction, with higher tensile stresses on the tool and bag side. The stresses are rearranged to give a residual stress distribution at the end of third step. Figure 15 shows the s 22 values for the XP samples, which exhibit a zig-zag pattern superimposed on a distribution of stress that reduces from the bag-side. The zig-zag distribution is the typical self-balancing residual stress pattern that can be observed in XP laminates during cooling from processing temperature, whereas the curvilinear stress distribution similar to the UD parts is due to the combined effect of consolidation, cure shrinkage and tool-part interaction.
Stresses developed during curing
Another observation is the fact that fibre direction stresses on the bag side at the end of the second step are higher in the XP compared to the UD parts. This is basically due to higher cure shrinkage in XP parts due to the constraints imposed by the fibres in the two planar directions. This observation, in addition to the fact that the XP samples have less bending stiffness, explains why the XP parts give more spring-in than the UD ones.
Tool-part interaction
As seen in Figure 16 , the FE analysis showed that opening of the contact interface occurs at the corner of the L-shaped parts, which results from cure shrinkage in the second step of the model and fibre bridging of the corner. Experimental results confirm this opening by corner thickening and the poor surface finish of the corner as seen in Figure 17 . In Figure 18 , the autoclave pressure, frictional shear stress, separation from the tool and relative displacement between the tool and the part are shown at the end of step 2 for the UD16-R25 part. The autoclave pressure is ineffective at the corner of the part due to fibre bridging, which causes the part to disengage from the tool at the corner. The opened region at the corner is percolated by resin so that the thickness of the part at the corner increases and a resin-rich layer is formed at the surface. The corner thickness of the parts with 15-mm radius is greater than the parts with 25-mm radius so that cure shrinkage is higher in the former parts. It can also be seen from Figure 18 that slipping with constant shear stress prevails for most of the interface on the arms.
Conclusions
An FE method previously developed is extended successfully to account for the effect of tool-part interaction on the prediction of spring-in angles of UD and XP L-shaped parts of various thicknesses. The tool-part interaction is modelled as a sticking-sliding interface using contact elements. The modelling work and the observations cast more light on the nature of tool-part interaction during composites manufacturing. It is observed that stresses developed due to tool-part interaction may cause separation of the part from the tool during manufacturing. The spring-in predictions and experimental data are compared and the reasons for the discrepancies between the two are discussed. It has been found that the effective shear modulus of the composite early in the cure has a more pronounced effect on predicted spring-in compared to the interface sliding stress. It has been observed that the three-step 2-D model captures most features of the geometry development at the corner sections, except the deformation in the direction perpendicular to the model plane due to tool-part interaction in this direction, which would require a full 3-D analysis. 
